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Abstract
The effect of prior corrosion fatigue damage on the thermographic response of 1018 low
carbon steel is investigated. Specimens were subject to rotating bending fatigue at 38 Hz loading
frequency while being exposed to a 3.5% NaCl and distilled water solution. Some specimens
were subject to corrosion fatigue for part of their fatigue life and then their thermographic
response measured under fatigue in air at 62 Hz loading frequency. Fatigue tests in air with
thermographic measurement were performed as a comparison. It was observed that the initial
temperature rise after corrosion fatigue fits the previously proposed model for air fatigue,
. The constants
and
were determined to be 11,110 and -0.7, respectively, for
fatigue in air and fatigue following corrosion fatigue. Using a statistical analysis method, a
lower bound conservative fatigue life prediction methodology is proposed to estimate the
minimum remaining life for a given
value. Verification tests were performed, with
conservative fatigue life predictions given in every case.
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Chapter 1: Introduction
Fatigue and corrosion are ubiquitous mechanisms by which damage occurs in industrial
settings. Fatigue fracture is a challenge to avoid when designing highly stressed structures, and
failure due to fatigue fracture can be catastrophic [1]. Fatigue is one of the most common
sources of structural damage [2]. Perhaps equivalent to fatigue damage is the role of corrosion.
Recent estimates put the cost of corrosion on industry in the U.S. at approximately $137.9 billion
per year [3]. Corrosion plays a large role in the degradation of coastal structures, marine vessels,
and aircraft. It is of paramount interest to develop a greater understanding of these phenomena
that may lead to increased reliability and efficiency of equipment that is susceptible to fatigue
and corrosion damage.
In this thesis, a method is proposed to evaluate the remaining life in steel fatigue
specimens after an unspecified length of exposure to corrosion fatigue. This method allows for a
rapid determination of remaining life through correlation of the cycles to failure to the slope of
the temperature rise at the onset of fatigue loading.
1.1

Fatigue

The occurrence of failure due to cyclic stress has been recognized for over 150 years.
The term ‘fatigue’ was coined in 1843 by Rankine, who identified the cyclic loading mechanism
while investigating the failure of railway axles [4]. Rankine identified that vibratory stress was
the cause of the railway axle failure and identified stress concentrations as being a contributing
factor. Later, Wöhler suggested the relation between applied stress and fatigue life as well as the
effect of the ratio of compressive to tensile loading during cycling [5, 6]. To this day, materials
are characterized and used in engineering design by their ‘Wöhler curve,’ or S-N diagram, which
is a plot of the number of loading cycles to failure on the abscissa, and the applied stress on the
ordinate. In 1910 Basquin suggested that these curves may be more easily understood with an
exponential relation, illustrated by using a logarithmic scale on the abscissa [7]. Miner later
expanded the theory of fatigue to consider variable amplitude loading, by suggesting that the
total fatigue life can be considered by the sum of the ratio of the number of cycles at each load to
its expected fatigue life [8].
Along with empirical stress-fatigue life correlations, fatigue can also be understood
through the lens of fracture mechanics. In the 1960s Paris revolutionized the understanding of
fatigue crack propagation by suggesting that the crack growth is a function of stress
concentration factor of the crack itself [9, 10]. This led to the coining of the ‘Paris law,’ which
relates the crack growth rate per cycle
to the stress concentration factor range
as well
as two material- and environment- dependent variables and , shown in equation 1. It has
been observed that for most metals, is valued between 3 and 4 [11, 12].
(1)
Note that fatigue in metals has been observed to follow three phases [11]. In the first
phase, dislocations are generated at stress concentrations and gather to form voids or cracks. At
this point, the second phase begins, which is marked by the generation of numerous micro-scale
cracks that follow the law given in equation one. In the third phase, microcracks join to form a
large macrocrack, and failure rapidly occurs due to the large stress concentration.
1

Coffin and Manson independently developed an empirical law, known as the CoffinManson relation, that describes low-cycle fatigue in terms of plastic strain [13, 14]. Low-cycle
fatigue can be described in many ways, but is generally defined by fatigue load amplitude above
the elastic limit of the material. All forms of fatigue, particularly low-cycle fatigue, are subject
to some amount of energy loss through mechanical hysteresis. In 1965 Morrow assembled a
large amount of cyclic hysteresis data, and used it to develop a model for the plastic work
through low-cycle fatigue. This model is shown in Equation 2,
(

)

(

)

(2)

where is the cyclic strain hardening exponent,
is the fatigue ductility coefficient,
is the
fatigue strength coefficient,
is the stress amplitude, and
is the Poisson’s ratio. Since the
development of this empirical law, the subject of energy dissipation in fatigue has been of great
interest in literature. Recently, researchers have investigated the degradation due to fatigue in
terms of entropy production, and found that the specific entropy produced by a material due to
fatigue can be considered a material constant [15-22].
1.2

Fatigue Thermography

Fatigue is intrinsically a dissipative process [17]. Generally, energy dissipation and
entropy production during degradation processes results in the production of heat, and thus some
change in temperature. Particularly in low-cycle fatigue, metals can undergo a significant rise in
temperature due to hysteresis heating. This characteristic of fatigue has been subject to extensive
investigation as briefly described in the following review.
The temperature response of a material has been shown to be a good indicator of the
fatigue limit in certain metals [23-28]. Below a certain stress level, no fatigue damage occurs,
and thus no heat is generated. By observing the temperature response over a progression of
increasing load levels, it is possible to determine whether any fatigue damage is occurring.
Recently, ultrasonic fatigue testing techniques have been used to investigate extremely highcycle fatigue [29, 30].
In addition to the determination of the fatigue limit of metals, thermography has been
used to observe the progression of fatigue damage in several types of materials. Some
methodologies have been developed for the prediction of the fatigue life of a material via
thermography.
Jiang et al. [31] used infrared thermography to investigate the high-cycle uniaxial fatigue
behavior of a super-alloy. They observed that in the second stage of fatigue, the temperature of
the specimens remained constant. A model was developed relating the steady-state temperature
rise to the fatigue life of the material, shown in Equation 3, where and are constants.
(

)

(3)

Fargione et al. [32] investigated the temperature response of various types of steel under
uniaxial fatigue. By measuring the temperature in the zone of maximum stress, it was observed
2

that the temperature of the specimen integrated over the loading cycles remained constant for a
given material. The constitutive equation for this model is shown in Equation 4.
∫

(4)

Figure 1. Temperature-evolution-based fatigue models (citation numbers removed for clarity)
[31-35]
While the above models provide some insight into the temperature response of materials
subject to fatigue, there is a shortcoming to their potential use as an in-service testing method.
Namely, the temperature of the material must be monitored at the maximum point of stress
3

through a majority of service life. Amiri and Khonsari [35] observed a correlation between the
rate of temperature rise and the fatigue life of metals. In the first stage of fatigue, the
temperature of the specimen increases according to the heat energy generated and the heat
transfer properties of the system. At the beginning of the test, the rate of temperature increase
can be treated as constant. Infrared thermography was used to observe the temperature response
of aluminum and stainless steel specimens under constant-displacement bending fatigue tests.
The initial temperature rise, labeled
, is measured over the first ten seconds of fatigue. An
illustration of the temperature trends including
during fatigue at two different loading
amplitudes is shown in Figure 2. The model developed for the relation of
to fatigue life is
shown in Equation 5.
(5)
Amiri and Khonsari [36] later adopted this method to torsional as well as bending modes.
It was found empirically that for aluminum 6061 and stainless steel 304, the constant
maintained a value of -1.22, regardless of loading conditions. However, the constant
was
found to be dependent on loading mode and material. Figure 3 shows the ‘universal curve’ for
the two materials and loading modes. Later on, it was found that this curve applies for rotatingbending fatigue as well [18].

Figure 2. Temperature trends during fatigue at two different loading amplitudes [35]
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Figure 3. Universal fatigue curve for Al 6061 and SS 304 for multiple modes of fatigue loading
[36]
Fatigue may also be considered through the production of heat energy. Amiri et al. [37]
used an approach pioneered by Meneghetti [38] to calculate the entropy production rate during
fatigue by interrupting the fatigue test and measuring the instantaneous downward slope of the
specimen temperature. By measuring this temperature rate, the heat dissipation due to
conduction, convection, and radiation can be estimated. The temperature slope in this case is
described by the equation
(6)
where
, and
are the heat loss rates due to conduction, convection, and radiation,
respectively, and and are the density and specific heat of the material.
Further investigation by Naderi et al. [19] led to the development of the concept of
Fracture Fatigue Entropy, or FFE. By using Morrow’s model for cyclic plastic work, the total
entropy accumulation was calculated for multiple modes, frequencies, and materials. It was
discovered that the FFE for a given material is constant regardless of loading mode, amplitude,
or frequency for low-cycle fatigue. The entropy production was also found to be correlated with
the Damage parameter, a measure of degradation [22, 37, 39]. The FFE concept was used to
develop an active monitoring system that can accurately predicts the imminence of fatigue
fracture and preventatively shut down operations [20]. Thermodynamic analysis was used to
investigate the fatigue of composite laminates [21, 40, 41] in addition to acoustic emission
sensing [42, 43].
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Thermographic investigation of fatigue has also lead to a development of a
nondestructive testing method that can successfully predict the remaining life of metallic fatigue
specimens [44]. By performing a short test to determine the slope of the temperature, depicted in
Figure 4, it is possible to predict the remaining life of a fatigue specimen, knowing the fatigue
load amplitude. Figure 5 shows
values determined by periodic excitation tests during fatigue
of a pipeline steel [45]. Using the linear trend lines, it is possible to evaluate the cycles to failure
of a specimen exposed to an unknown number of fatigue cycles to within about 10%. Williams
et al. [46] used the STE method to predict the remaining fatigue life of tubular welded joints, as
shown in Figure 6. This method has also been adapted to predict the remaining life with multiple
loading amplitudes and correlated with the damage parameter with success by Liakat and
Khonsari [47].

Figure 4. Short-Time Excitation loading as compared to fatigue loading for a nondestructive
thermographic life prediction technique [44]

Figure 5. STE Rθ progressions for various fatigue loading levels of API 5L X52 pipeline steel
[45]
6

Figure 6. Thermographic image of a tubular welded specimen during an STE test [46]
1.3

Corrosion Fatigue

Corrosion fatigue is a form of material damage caused by crack growth under cyclic
loading in a corrosive environment. In general, corrosion has an accelerating effect on fatigue
damage, and crack growth rates are substantially higher under corrosion fatigue. According to
ASM International, there are multiple mechanisms identified as being implicated in corrosion
fatigue, most falling under the two categories of anodic dissolution and hydrogen embrittlement
[48]. Among the dissolution mechanisms are slip-dissolution, brittle film-rupture, corrosiontunneling, and selective-dissolution. Among the hydrogen embrittlement mechanisms are
decohesion, pressure, adsorption, and brittle hydride formation.
Hydrogen-assisted cracking occurs when single hydrogen atoms enter the lattice of a
metal. Once the atoms diffuse into the lattice, any of the previously mentioned mechanisms can
occur. Under the pressure mechanism, hydrogen atoms diffuse into voids or microcracks in the
material and form high-pressure bubbles. This causes a localized stress within the material,
which leads to a reduced fracture strength. By the lattice decohesion mechanism, hydrogen
atoms within the metal lattice reduce the cohesion forces by atoms, thereby weakening the
material. The surface adsorption mechanism is characterized by the reduction of surface energy
due to adsorbed hydrogen. This makes fracture more energetically favorable [49]. In the
hydride mechanism, metals form stable hydrides at the crack tip, which are much less dense and
more brittle, and thus stimulate cracking.

7

Figure 7. Sequential processes of hydrogen-assisted cracking during corrosion fatigue crack
growth [49]
Anodic dissolution is a mechanism whereby localized regions (i.e. crack tips) are made
susceptible to corrosion damage due to fatigue processes [48]. As a crack is opened by cyclical
stress, the passive film is broken within the crack and a new surface is exposed to the corrosive
environment. This surface is partially dissolved, which facilitates the growth of the crack and
thereby accelerates fatigue damage. This mechanism is also, in fact, capable of arresting crack
growth, depending on the corrosion fatigue conditions. If the dissolution rate is too slow, the
new surface will not dissolve significantly, and if it is too fast, the new crack surface will blunt
itself. Thus, in certain conditions, corrosive dissolution can actually reduce crack growth rate
and thus increase fatigue life.
There are many factors other than loading that can affect corrosion fatigue. Of note is the
effect of cyclic frequency. As corrosion is a highly time-dependent process, the progression of
corrosion fatigue damage is greatly increased at lower fatigue frequencies [48]. Figure 8 shows
data from a crack tip displacement test. Note that the crack growth per cycle is greatly increased
as the frequency decreases.
Corrosion fatigue is a complex process that has been subject to a great amount of
investigation. Some research has been done to find localized sites of corrosion damage using
infrared thermography [50, 51]. However, the problem has not yet been approached from a
thermographic perspective by evaluating entropy generation, to this author’s knowledge. It may
be possible to develop a novel approach to the prediction of remaining life during corrosion
fatigue by approaching the problem from a thermodynamic perspective.
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Figure 8. Corrosion crack growth rate at different frequencies for steel in water vapor [52]
1.3.1 Pitting Corrosion
Pitting corrosion is a form of corrosion where localized dissolution of the base material
occurs, which results in the creation of depressions, or pits, on the surface of the material [53].
Materials that form nanometer-scale passive films are typically susceptible to pitting corrosion.
This includes commonly used aluminum alloys and stainless steels. Localized breakdown of the
passive film results in the dissolution of the metal underneath. This triggers a process in which
the metal near the edges of the pit acts as a cathode, and the inner surface of the pit acts as an
anode, which results in more dissolution of the metal. Figure 9 depicts the movement of
generalized metal ions, denoted as ‘M+’ in the diagram, and other ions during the pitting process.
Pitting corrosion has been observed to progress in multiple stages. These stages are
passive film breakdown, metastable pitting, pit growth, and pit arrest. The first stage, passive
film breakdown, is the least understood aspect of pitting. The occurrence of the breakdown of
passive films is highly sensitive to temperature, alloy composition, corrosion environment, and
myriad other factors. For instance, high-strength aluminum alloys containing copper are
susceptible to pitting due to copper precipitates near the surface acting as cathodes [54]. Thin
passive films can be subject to high electric fields, which can facilitate the passage of current in
either direction across the film [53]. Metastable pitting occurs when a pit forms and grows for
some amount of time before repassivating. These pits are small, typically on the micron length
scale, and grow in a matter of seconds. Metastable pits may progress to stable pits under certain
conditions. Stable pitting is the stage associated with the continuous growth of corrosion pits.
The growth of pits is mostly determined by mass transport properties of the system; the pit
growth rate decreases with time, typically proportional to the inverse square root of time. Pit
arrest can occur when the pit becomes too deep. The electrical resistance of the electron path
9

from the bottom of the pit to the edge can reduce the corrosion potential, thus limiting the current
density. At this low current density, any small event that affects the concentrations or mass
transport out of the pit can result in repassivation and arrest of the pit growth [48].

Figure 9. A schematic of the movement of ions during pitting corrosion [53]
Pitting corrosion can have a significant effect on the fatigue life of metals. While this
form of corrosion does not act in the same way as corrosion fatigue, it is still relevant in the
study of fatigue failure of materials exposed to corrosive environments. Surface pitting of metals
can cause localized stress concentrations, which act as crack initiation sites in fatigue [55]. The
influence of pitting corrosion on fatigue lives of various metals has been the subject of some
investigation.
Chen et al. [56] investigated the transition from pitting to fatigue crack growth in
aluminum 2024-T3 alloy. Through fractography they were able to determine that fatigue crack
growth only occurs once the pits grow to a certain critical depth. At this point the stress
concentration is high enough to induce fracture. Thus, two phases, pit growth and corrosion
fatigue, were observed. Once crack nucleation began, it was observed that pit growth did not
occur. Two criteria, one for each phase, are proposed for the transition from pit growth to crack
growth. First, the stress concentration must be above some threshold value, and second, the
speed of crack growth must exceed the speed of pit growth. Three regimes were observed, the
pit growth, crack growth, and transition regimes. Figure 10 illustrates the model for pit/crack
depth over time during corrosion fatigue. In the first stage of the fatigue life, pitting is the
mechanism by which damage forms. The conditions for transition from pitting to crack growth
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are a stress concentration that is greater than some threshold for crack formation, and a crack
growth rate that is greater than the pit growth rate. Thus, with lower frequency, the transition
from pit growth to crack growth is delayed.

Figure 10. A conceptual illustration of the model for pit growth and crack growth in corrosion
fatigue [56]
Sankaran et al. [57] investigated fatigue crack growth after pitting corrosion in aluminum
7075-T6 exposed to cyclic fog-dry spray test procedure. By treating the pits as equivalent initial
flows, they were able to successfully model the fatigue lives of specimens using Air Forcedeveloped crack propagation software, AFGROW. AFGROW uses Paris’ law to calculate crack
growth rates, and determines a critical crack size by comparing the stress concentration to the
fracture toughness of the material. It was found that using the average pit size for calculations
produced more accurate results, rather than the maximum pit size.
Li et al. [58] investigated the corrosion fatigue of a steel shaft material in rotatingbending. A medium strength structural material was fatigued in rotating-bending while
immersed in a 3.5% NaCl solution. Fatigue tests were performed with pre-pitted specimens and
polished specimens in air, as well as immersed specimens. Crack length was studied via
polymer replicas. Through a crack propagation analysis, three phases of corrosion fatigue were
identified: pit growth, small crack growth, and long crack growth, which occur in that order.
Thus in pitting corrosion fatigue, the first phase is characterized by the growth of pits, rather than
the general hardening of the material and stabilization of hysteresis. The total fatigue life was
characterized as the sum of individual fatigue lives in these three regimes. An exponential
interpolation equation for the pit depths and a stress intensity factor-based equation were
combined to calculate the threshold at which small crack propagation begins. Paris’ law was
used for the modeling of the second two stages. Figure 11 shows the crack length versus
pit/crack growth rate. A more thorough presentation of the model can be found in Chapter 2:
Theory.
11

Pitting corrosion has been identified as an important factor in the progression of damage
and reduction of life due to corrosion fatigue. While pitting involves very complex processes, it
may be useful to investigate corrosion fatigue with pitting from a thermodynamic perspective.

Figure 11. Corrosion pit and crack growth rate versus crack length [58]

12

Chapter 2: Theory
2.1 Fatigue Thermodynamics
Amiri and Khonsari [35] derived the expression for the initial temperature rise of a
fluctuating beam under fatigue loading. Morrow’s approximation for plastic work per cycle
during fatigue, shown in Equation 7, was used to model the heat source [59]. During fatigue in
metals, only a small amount of work is stored as internal energy, so this is a valid approximation.
The approximation is expressed as:
(

)(

)

(7)

where
is the number of cycles to failure, is the cyclic ductility,
is the cyclic strength,
is the fatigue ductility exponent, and
. Note that the value included in the formula is
, which corresponds to the reversals to failure. Through an analytical heat transfer model
considering a flat bending fatigue specimen as a fluctuating beam, Amiri and Khonsari derived
the values of constants and from Equation 5.

[

(

)

]

(8)
(9)

where is a constant related to the heat transfer properties of the system, outlined in Appendix
A. Amiri and Khonsari were able to use a single value for of -1.22 to create a universal curve
for Stainless Steel 304 and Aluminum 6061, shown in Figure 12 [35].
While Morrow’s formula is a generally accepted correlation for the calculation of plastic
work, it has some shortcomings. First, it is stated that using the model for bending fatigue is
generally not recommended. Thus, it may be that for certain situations, Morrow’s approximation
may not accurately predict the plastic work for a given fatigue life. Second, the model does not
account for the change in plastic energy throughout the fatigue life. Under conditions such as
cyclic hardening or softening, the plastic energy generated per cycle will change across the
fatigue life. However, it has been found that the plastic energy generated throughout a fatigue
test still follows a similar relation for certain materials, shown in equation 10 [60], as a powerlaw-type correlation where and are constants. Thus it may be assumed that the plastic work
generated will follow a power-law relation with fatigue life, regardless of whether or not the
coefficients match those of Morrow’s approximation.
(10)
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Figure 12. Prediction curve for bending fatigue of Al 6061 and SS 304 [35]
2.2 Rotating-Bending Fatigue
Rotating-bending fatigue occurs when a specimen that is rotating about its central axis is
subjected to a moment orthogonal to that axis. The bending stress induced by this moment leads
to fatigue fracture. This mode of fatigue replicates the conditions experienced by a rotating
shaft, which has innumerable applications in industry. Rotating-bending fatigue in fact was the
first mode of fatigue to be subject to experimental investigation [4-6]. Rotating-bending fatigue
differs from uniaxial fatigue and bending fatigue in several ways. First, the maximum stress is
only experienced by all of the fibers at the surface of the specimen. In bending fatigue, the
maximum stresses are experienced only by the upper and lower fibers at the maximum distance
from the bending axis. In uniaxial fatigue, the stress is uniform throughout the gage section.
Rotating-bending fatigue is well suited for thermographic measurements because the material
observed at a particular section of the image is always experiencing the same stress state. This
eliminates thermal fluctuations due to the thermoelastic effect, and allows for a continuous
temperature trend to be obtained through thermography. The thermoelastic effect is the
fluctuation of temperature due to the adiabatic compression and expansion that occurs during
cyclic loading [61].
Several theories have been developed to model the plastic work done by rotating-bending
fatigue [23, 62-70]. Morrow’s model for cyclic plastic strain energy was adapted to bending
fatigue by Park and Nelson [71]. Manson [63] showed that under cyclic plasticity a rotating14

bending specimen will bend about an axis that forms an angle with the loading axis, called the
hysteresis angle, seen in Figure 13. At any one time during rotating-bending fatigue, every
stress-strain state on the hysteresis loop is being experienced at a point on the surface of the
specimen. Because of the plastic deformation at the maximum stress regions, the specimen is
deflected at an angle in the direction of rotation. As the behavior approaches elasticity, the
hysteresis angle approaches zero. Megahed et al. [65] performed an analysis of low-cycle
fatigue of several steels in rotating-bending, which included a description of the hysteresis angle.
Figure 13 shows the predicted surface stress distribution under flexural bending and rotatingbending with hysteresis angle. Megahed et al. also derived relationships to determine the surface
strain amplitude as a function of the applied nominal bending stress, deflection of the specimen,
and Young’s modulus.

Figure 13. Schematic of the surface stresses experienced in (a) flexural bending and (b) rotatingbending specimen [65].

Knez et al. [69] introduced an approach to determine the low-cycle fatigue parameters in
rotating-bending. They derived an expression for the plastic work, shown in Equation 11, where
is the maximum stress for a given radius, is the cyclic strain hardening exponent, and
is the cyclic strength coefficient.
( )

( ))

(
(

)(

(

)

(11)

)

This equation can be used to calculate the theoretical work done for a cylindrical specimen under
uniform stress by performing integration over the volume of the gage section. These models all
give some insight into the properties of low-cycle rotating-bending fatigue. It is not appropriate
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to assume an identical stress distribution to that of plain bending. The hysteresis angle provides
a way to measure the mechanical hysteresis by measuring the specimen’s deflection from the
loading axis. And, most importantly, the assumptions made in the development of models for
other modes of fatigue may not be valid for rotating-bending fatigue.
2.3 Analytical Approaches to Corrosion Fatigue
2.3.1 Crack Propagation Models
There is a substantial body of research investigating the damage mechanisms of pitting
and fatigue crack growth during corrosion fatigue. Most approaches identified at least two
phases of fatigue damage [56-58, 72, 73]. The first is the growth of pits that results in multiple
stress concentrations, which results in the second phase of corrosion fatigue crack propagation.
The transition between the phases occurs when the pit stress concentration reaches a threshold
value.
Li et al. [58] performed corrosion fatigue experiments in a rotating-bending setup with an
attached corrosion cell on a medium strength structural steel. The corrosion cell enveloped the
rotating gage section of the specimen, immersing it in a closed volume of 3.5% NaCl solution. It
was found that specimens fatigued in this environment failed sooner than pre-pitted and pristine
specimens. Their model split the fatigue life into three regimes with separate lifetime
calculations [58]. These regimes were pit growth
, small crack growth , and large crack
growth . The total fatigue life can be expressed as:
(12)
To model pit growth, an empirical relation for pit growth over time and an electrochemical
model were compared. For the empirical exponential relation, the depth of the pit
is related
to number of cycles in the pitting regime by the following equation:
(

)

(13)

where A and B are constants determined through empirical curve fitting. The electrochemically
based model uses the Faraday law to calculate the size of a hemispherical pit using the following
two equations:
(

)

(

,

)

(14)

where is the pit current, is the atomic mass of the material, is the density, is Faraday’s
constant, Is the number of electrons released during corrosion of the metal,
is the pit
current coefficient,
is the activation energy, the universal gas constant, is the absolute
temperature, an is time. These constants were determined by measuring pit size through the
course of a fatigue test. Comparison of the life prediction models to experimental results are
shown in Figure 14.
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Figure 14. Comparison of pitting corrosion models to experimental data for a medium strength
structural steel [58]
Using the calculated pit dimensions, the threshold for transition from pitting to crack
propagation can be found by treating pits as hemispherical defects and using a threshold stress
concentration value to find the onset of crack growth. The critical pit depth is as follows:
(

)

(15)

where
is the critical pit size for the material given a fracture strength and stress intensity
range and
is the threshold stress concentration for crack growth. This value marks the
point of transition from pit growth to fatigue crack growth.
Both the small crack growth and long crack growth regimes can be estimated using the
Paris law:
(

)

∫

(

)

(16)

with coefficients and being different for small and long growth regimes.
Chen et al. [56] proposed a two-part criterion for the transition from pit growth to crack
growth. First, the stress concentration resulting from the pits must reach a threshold value, and
the theoretical crack growth velocity must exceed the pit growth velocity. In other words, a
crack cannot propagate in material that is dissolving too rapidly.
This prior investigation of the dynamics of crack propagation in corrosion fatigue has
revealed a few significant trends. It is shown that during corrosion fatigue, materials exhibit a
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different first stage than that of conventional fatigue. Instead of the formation of slip bands and
movement of dislocations, the first phase is characterized by the growth of small surface flaws
that act as stress concentrations. Once these flaws grow large enough the second stage begins
with similar features to conventional fatigue, but marked by an increased crack propagation rate.
2.3.2 Continuum Damage Mechanics Models
Corrosion effects, whether through fatigue, pitting, or stress corrosion cracking, often
involve distributed damage through defects such as microcracks and pits. These defects are
distributed enough to consider the material as an isotropic material undergoing damage which
reduces the effective strength and elastic modulus of the material. Thus, it is useful to consider
the phenomena within the framework of continuum damage mechanics. Continuum damage
mechanics involves the evaluation of the degradation of a material by measuring the decrease in
effective elastic modulus. A damage parameter
is defined, which ranges from 0 to 1,
corresponding to a pristine and completely degraded material, respectively. A short review of
some of the works dealing with continuum damage mechanics and corrosion follows.
Bolotin et al. [74] have applied a theory combining crack propagation and continuum
damage mechanics to corrosion fatigue and stress corrosion cracking. The paper presents a
model for fatigue damage, a model for the mass transfer within cracks, consideration of the
interaction between mechanical and chemical factors in stress corrosion cracking, and an
investigation of the frequency effects in corrosion fatigue. The change in damage parameter at
the crack tip under different corrosive solution concentrations is considered.
Gerard [75] observed two stages of stress corrosion in metallic materials, and developed
a damage mechanics-based approach for stress corrosion cracking. The first stage is the growth
of pits, and the propagation of microcracks. The second encompasses macrocrack growth and
eventually failure. The authors stipulate that continuum damage mechanics relates only to the
first stage of growth. Gerard’s approach for stress corrosion separates the material into two
regions, that affected by the corrosive and the region unaffected. The two areas perpendicular to
the one-dimensional stress are
which is the area unaffected by corrosion and
which is the
area of microcrack propagation. The depth of the corrosion-affected region corresponds to the
threshold crack length for transition from a microcrack to a macrocrack and the depth of the
unaffected area is . Gerard suggests an approach of evaluating the ‘surface internal parameter
of damage’
of the corrosion-affected area only to observe the progression of damage within
the specimen.
can be defined by
, where
is the area within that is
occupied by cracks and is the average crack depth. The effective damage parameter is then:
(17)
where
(
) . The parameter
was measured by optical means and direct
measurement of the effective elastic modulus with good agreement. While this approach was
used for stress corrosion cracking, the techniques used may be applicable to corrosion fatigue.
Separating out corrosive and non-corrosive effects for corrosion fatigue in an approach by Hu et
al. [76] is described below.
Hu et al. [76] illustrated a continuum damage mechanics model for three types of fatigue:
fatigue in air, prior-corrosion fatigue, and corrosion-fatigue. It is assumed that the fatigue lives
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are sufficiently long enough that macrocrack propagation takes up a negligible amount of the
fatigue life, thus a damage mechanics-based approach is valid.
For smooth specimens, Hu postulates an initial damage extent
and a stress
threshold for damage accumulation
. When the applied stress is above the threshold for
damage, the damage production rate is:
(

)
(

(18)

)

where
and
are material constants, and
is the sum of the fatigue damage and initial
damage. This model was validated and constants introduced by fitting experimental ‘S-N’ data
to the damage model.
For pre-corrosion, the damage caused by corrosion can be treated as an initial damage
value added to that of the polished specimen. Thus,
(19)
where

is the initial damage before corrosion, and
is the damage due to prior corrosion.
In corrosion fatigue, the damage production can be separated into three categories. First
is the initial damage of the specimen
. Then the damage due to cyclic fatigue loading and
damage due to corrosion can be separated into
and , respectively. Damage production for
can be characterized the same as fatigue in air:
(

)
(

(20)

)

This is the case when the maximum stress is above the threshold. However, in corrosion fatigue
the stress threshold is greatly lowered or even nonexistent. A proposed equation to account for
this reduction is:
(
where
corrosion

)

(21)

and
are test parameters determined from fitting data. The damage due to
is time sensitive, and thus can be expressed as follows:
(

(22)

)

where is the period of one load cycle, and
and are parameters relating to the testing
conditions. Thus the damage production due to corrosion fatigue can be expressed for corrosion
fatigue as:
(

)
(

)
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(

)

(23)

Using experimental data from fatigue in air, prior-corrosion fatigue, and corrosion fatigue, the
experimental constants for Aluminum 2024-T62 were found. Using the model, Hu et al.
predicted the fatigue lives for corrosion fatigue, with predicted and experimental values agreeing
“very well” (within about 10-20%).
These models for pitting and corrosion fatigue give some insight to the nature of
corrosion fatigue in 1018 steel. While corrosion fatigue processes are more complex than those
of normal fatigue, there are some commonalities. Corrosion fatigue still seems to follow a threephase progression [58]. Crack growth and damage still occur in the same manner, characterized
by a distributed growth of microcracks followed by macrocrack growth. Thus, a thermographic
trend during crack growth may follow a similar pattern to that of a material subject to fatigue
without corrosion. However, a correlation method relying on excitation tests may not follow the
same trends. The introduction of pitting damage may disrupt the linear thermographic trend
observed for several materials. In addition, during the short periods of high-stress fatigue, the
specimen may enter a crack growth stage prematurely. This would cause the mechanism of
corrosion fatigue to dominate over pitting, as it has been observed that pit growth stops once
cracks begin to propagate [56]. In the present work, corrosion fatigue damage in the crack
propagation stage is compared to the damage in non-corrosive conditions in order to evaluate the
validity of a thermographic life prediction model for corrosion fatigue damage.
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Chapter 3: Experimental Investigation
3.1 Materials and Apparatus
3.1.1 Rotating-Bending Corrosion Fatigue Testing
Rotating-bending fatigue tests were carried out with a model RBHT-300 fatigue machine,
manufactured by Fatigue Dynamics, Inc., and shown in Figure 15. The machine consists of an
electric motor, a bearing assembly, a weighted lever arm, and two collets in which ½-inch outer
diameter specimens can be fixed. The motor is capable of producing rotation speeds of up to
10,000 rpm, and the weighted arm can produce up to 1350 MPa of bending stress at the gage
section of the specimen. This model of fatigue machine also includes an attachment for
corrosion fatigue testing. A peristaltic pump attached via a worm gear to the driveshaft provides
flow of corrosion fluid into the corrosion chamber. The corrosion chamber was custom built to
fit the gage length of ½-inch diameter specimens. The chamber consists of a polycarbonate
‘clamshell’ with a dropper extending down from the top shell to dispense solution directly on the
minimum cross section of the specimen. The bottom shell has a drain hole that returns solution
to the reservoir, which in this case is a 500mL HDPE bottle. The pump, reservoir, and chamber
are all connected with clear Tygon tubing. Adjustment of the drip rate of the corrosion solution
is facilitated by a bypass tube and two adjustable tube clamps. The corrosion solution flow rate
through the nozzle was maintained at 2-3 drops per second, or about 0.1-0.15 mL per second.
The corrosion solution consisted of 3.5wt% NaCl in distilled water. Corrosion solution was
prepared and stored in one-gallon containers and dispensed to the 500mL reservoir bottle as
needed. Fresh solution was used for each batch of tests, with no more than 5 hours of total
testing for each refill.

Figure 15. Rotating-Bending fatigue tester with corrosion attachment (left) and close-up of
corrosion attachment (right)
3.1.2 Specimen Material
Specimens were machined according to manufacturer specifications and according to
ASTM E466-96 standard practice. Machining was performed by a CNC lathe, with the last
thousandth of an inch of thickness being removed by polishing. The specimens were polished in
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the direction of rotation, progressing through 120, 320, and 600 grit SiC sandpaper, and finishing
with a 1200 grit crocus cloth. The gage section diameter was 0.250 ± 0.001 inches. To prevent
unwanted corrosion, the specimens were sprayed with a corrosion preventing lubricant and
placed in plastic bags with desiccant until used. Before testing, the specimens were degreased by
soaking in acetone, followed by ultrasonic cleaning in 40 °C distilled water for 3 minutes. A
drawing of the specimen cross section with dimensions in millimeters is shown in Figure 16.

Figure 16. Specimen cross section, dimensions in millimeters
The material ordered for specimen manufacturing was AISI 1018 carbon steel. However,
the material was found to be much stronger than the standard for this type of steel. This may be
due to heat treatment or cold working performed by the supplier. A static test was performed in
a TestResources 930LX Axial Torsion Servo hydraulic materials testing machine. The measured
yield strength, ultimate strength, elastic limit, and modulus of elasticity are shown in Table 2.
The yield strength was calculated using a 0.2% offset. The alloy composition is shown in Table
1. The cyclic stress-strain response can be inferred from the static test values. Manson et al. [11,
77, 78] reported that materials with a ratio of ultimate strength yield strength of <1.2 generally
experience fatigue softening. It was also reported that fatigue softening materials usually have a
cyclic hardening exponent
.
Table 1. Alloy Percentage of Steel Specimens (%wt.)
Material

Carbon

Manganese

Silicon

1018

0.13-0.20

0.30-0.90

0.15-0.30

Phosphorus

Sulfur

Iron

0.04 Max.

0.50 Max.

Balance

Table 2. Mechanical Properties of Steel Specimens
Elastic Modulus, GPa

Yield Strength, MPa

Ultimate Strength, MPa

Elastic Limit, MPa

204.6

665

727

485

3.1.3 Thermography
Thermographic measurements were performed with a MikroSpec M7500L camera. This
long-wavelength infrared camera measures temperature ranges of -40 °C to 120 °C or 0 °C to
500 °C by capturing blackbody radiation emitted in the wavelength range of 8-14μm. The
camera has a sensitivity of 0.06 °C at 30 °C. Images are captured at up to 30 frames per second
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at a resolution of 320 x 240. To observe specimen temperatures, the camera was mounted as
close as possible to the gage section of the specimen. Before each experiment, a non-uniformity
correction (NUC) was performed in which the camera calibrates itself to an internal blackbody
source to improve image uniformity.
In order to enhance surface emissivity and minimize reflectance, specimen gage sections
were painted with a matte black paint. The paint used was Rust-Oleum® Automotive High Heat
matte black paint, which can withstand temperatures of up to 2000°F. The emissivity of the
paint was measured by observing a painted beaker filled with boiling water, and adjusting the
emissivity on the thermal camera until the surface temperature matched that measured by a
mercury thermometer. The emissivity was determined to be 0.98.
The MikroSpec M7500L camera is controlled via PC with MikroSpec R/T 7500
software. This software allows for the use of a Region of Interest (ROI) for data analysis. The
ROI is a selected group of pixels on the image that can be exported in Microsoft Excel software.
For these experiments, the ROI used is a vertical line, 17 pixels in length, drawn tangentially
along the minimum cross-section of the specimen. The average temperature across the ROI is
taken to reduce noise. The resolution of temperature data output by the software was 0.1 °C. In
order to assure accuracy, the ROI position was adjusted during post-processing to assure the
maximum temperature was captured. Figure 17 shows a typical thermal image captured during
fatigue. In order to maintain a ~10 cycles/frame rate used in previous work [20-22, 39-41, 45,
46, 79], the delay between frame capture on the camera was set to 167ms, or about 6 frames per
second. As the camera is cooled with ambient air, some ‘drift’ of the temperature readings may
occur during long tests. To compensate for this, relative temperature readings were normalized
to a second ROI set to the background temperature, thus removing the effect of drift.
3.1.4 Experimental Error Sources
A possible source of error, especially in measuring initial temperature slope, is
differences in fatigue frequency of the rotating-bending machine from test to test. The
machine’s motor is controlled via a dial which adjusts the percentage of maximum power being
delivered to the machine. Thus, frequency can only be measured by hand with a digital timer
and through correlation with dial readings and frequencies. However, as fatigue loading
increases, the hysteresis energy consumed by the specimen acts as a braking force on the motor,
reducing its frequency. Since no two specimens are exactly similar, correlation with the dial
reading has accuracy limitations. Through experience, the initial frequency varied about ±2Hz
between tests. It has been shown that fatigue frequency can affect the life of a component
significantly for very high frequencies [80]. However, this small of a change in frequency will
only significantly affect the thermographic response of the specimen. Because of this effect,
there are some accuracy limitations to the temperature slope measurement on this fatigue
machine, as frequency cannot be confirmed until timing by hand is performed. As can be
expected, the value of initial temperature slope is linearly proportional to the fatigue frequency.
For consistency, all temperature slope measurements were made with the dial set to ‘32’ before
powering on the machine to begin the test. This value was determined to correspond to a
frequency of 62 Hz on a specimen with a 503 MPa load. Of course, the rotating-bending tests do
not immediately begin at the desired frequency. The motor must impart momentum to the
rotating shaft until the system reaches a steady state at the fatigue frequency.
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In the future, the error due to rotating frequency could be reduced in several ways. First,
it would be possible to construct a simple frequency display alongside the cycle counter. A
proximity sensor trips the cycle counter once every 100 cycles. The frequency display could
take this number of cycles and divide it by the time between trips to obtain the fatigue frequency.
This would increase ease of operation for the experimentalist. Second, it may be possible to
implement an active or passive control system to regulate the shaft rotation speed. The
experimentalist would simply need to specify the desired fatigue frequency and begin the test.
The dripping corrosion apparatus used in this test has only been used in one other work,
to the author’s knowledge [81]. Other researchers have simply used a fluid reservoir attached to
the specimen that rotates with it [58]. In general, the accepted standard for corrosion fatigue
testing is that of the salt fog apparatus, detailed in ASTM B117-03. Some researchers have
performed tests under uniaxial fatigue with a salt fog chamber enveloping the specimen [76].
For more comparable results to literature, it may be necessary to perform these tests in a salt
spray environment.
Another source of potential errors in this study is the error inherent in thermography.
Absolute temperature measurements are subject to errors due to the temperature sensitive nature
of the thermographic sensor in the camera. The internal cooling system of the camera must be
allowed at least one hour to equilibrate after powering on. Even with these precautions, there is
still some ‘drift’ in the temperature data for long tests. To overcome this, temperature data was
normalized to the background temperature of the room.

Figure 17. A thermal image of a rotating-bending specimen during fatigue, depicting the ROI
used for analysis.
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3.1.5 Procedure
A procedure was developed to investigate the effect of prior corrosion fatigue on the
thermographic response. First, pristine metal specimens as previously described were subject to
corrosion fatigue at a loading frequency of 38 Hz and varying stress levels for a predetermined
number of cycles. After loading, these specimens were immediately removed from the fatigue
machine and placed in an acetone bath to remove any residual corrosion solution. Specimens
were then ultrasonically cleaned in distilled water at 40 °C for three minutes, air dried, and
painted. After being placed back in the fatigue machine, specimens were fatigued in air at the
same loading and a frequency of 62 Hz under thermographic measurement.
3.2 Prediction of Remaining Life after Corrosion Fatigue
As discussed previously, the temperature response during fatigue in air has been
correlated with the fatigue properties of the material extensively. It is of interest to adapt these
methods to the evaluation of the corrosion fatigue properties of materials. Through the
observation of the thermographic response of specimens fatigued in air after corrosion fatigue, a
method is developed to conservatively estimate the remaining life of a fatigue specimen.
3.2.1 Corrosion Fatigue and the ‘S-N’ Curve
In order to understand the fatigue properties of the steel, constant-loading fatigue tests
were performed on pristine specimens at a range of stresses, and the cycle count at failure was
recorded. Figure 18 shows ‘S-N’ curves for corrosion fatigue and fatigue in air. Air fatigue tests
were performed at 62 Hz, and corrosion fatigue tests were performed at 38 Hz. It can be
observed that for lower stresses, the effect of corrosion is greatly increased. This supports
theories that corrosion fatigue is a time-dependent effect. As the total time of corrosion
increases, the relative damage due to corrosion increases. At very high stresses (about 550 °for
this material) the fatigue life under corrosion is actually increased. It is postulated that this is due
to the cooling effect of the corrosion solution. Under low-cycle fatigue in air, the temperature of
the specimen was observed to increase up to 100 °C. The corrosion solution was kept at
laboratory environment temperature, about 23 °C. It has been observed that cooling of a material
undergoing fatigue can greatly increase fatigue life, due to the excitation effect of increased
temperatures [18, 42].
3.2.2 Temperature Response
The change in temperature over the entire fatigue life during air fatigue of the material
for two stress levels is shown in Figure 19 and Figure 20. It can be observed that the second
phase of fatigue for this material is marked by a constantly increasing surface temperature, rather
than the steady-state temperature observed in other materials [31, 33, 35]. This is due to the
gradual increase of hysteresis energy over time, which is caused by cyclic softening of the
material. This makes it difficult to discern the transition between the first and second phases of
fatigue, thus Figure 19 and Figure 20 depict only the transition into the third phase. Note that the
upper range of the specimen temperature during the third phase of fatigue is cut off to elucidate
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the temperature trend in the first two stages. In general, the change in temperature increases at
the load amplitude increases [35, 36].
Liakat and Khonsari [79] investigated the fatigue softening properties of the same
material in great detail. They observed a gradual increase in the hysteresis loop area over the
fatigue life of the specimens, as shown in Figure 21. A series of intermittent excitation tests
during which
values are measured was shown to be an effective way to measure the fatigue
toughness of the material.

Figure 18. Cycles to Failure versus applied stress for corrosion fatigue and fatigue in air
Experimental measurement reveals that the surface temperature of the steel specimens in
rotating-bending fatigue in air after being subject to corrosion fatigue damage follow similar
trends as specimens only subject to fatigue in air. Figure 22 shows the temperature response of
four specimens subject to varying amounts of prior corrosion fatigue and a pristine specimen
under a loading of 476 MPa. The observed temperature throughout the fatigue tests increased as
the number of initial corrosion fatigue cycles increased. This trend is reflected in the correlation
of
values to the remaining life in the specimen, which is outlined in the next section.
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Figure 19. Change in temperature versus cycles for fatigue in air, low-cycle fatigue

Figure 20. Change in temperature versus cycles for fatigue in air, high-cycle fatigue
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Figure 21. Hysteresis loops measured by Liakat and Khonsari for 1018 steel at different cycle
counts under uniaxial fatigue with a maximum tensile stress of 468 MPa and a load ratio of -0.7
[79]
3.2.3 Thermographic Correlation
The fatigue life of the steel specimens and the initial temperature rise under fatigue
loading showed a similar correlation to that previously reported [33, 35]. Figure 23 shows the
calculated
values versus the fatigue life, along with line of best fit. The
values were
calculated with a linear regression using the thermal measurements from the first 100 cycles of
fatigue. For lower
values it was sometimes necessary to use measurements spanning up to
500 cycles. To determine the constants and , MATLAB curve fitting toolbox software was
used, utilizing a nonlinear least squares calculation via a trust-region algorithm. A trust-region
algorithm is a robust nonlinear optimization algorithm with very strong convergence properties
[82]. Using only the data from continuous fatigue in air, the calculated values for and are
7,588 and -0.8, respectively.
The measured
values for specimens subject to prior corrosion fatigue are shown in
Figure 25. Note that there is considerable scatter. This can be expected; it has been previously
reported that corrosion fatigue is subject to some stochastic effects [48, 83]. However, the values
can still be observed to follow the general trend. Due to the uncertainty, a statistical analysis
approach to the prediction of remaining life using these values is suggested and discussed in
section 3.2.4. The calculated values of constants
and
determined using the previous
methods are 15,730 and -0.6, respectively.
As shown in Table 3, the 95% confidence bounds for corrosion fatigue and fatigue in air
for constants and overlap. Thus, these trends may be considered as coinciding. A ‘master
curve’ of the corrosion fatigue and air fatigue tests is shown in Figure 26. As can be seen, the
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data seems to fall along one line, with some scatter in the corrosion fatigue data. The values of
and determined via curve fitting are 11,110 and -0.7, respectively. The
value obtained
through the curve fitting toolbox is 0.93, an acceptable fit given the scatter in the corrosion data.
The data are shown with linear axes in Figure 27 for comparison. Table 3 shows a comparison
of the calculated values of the constants for each case. The confidence intervals for each value
are also shown. These are calculated using a Student’s t-distribution, which is discussed in
section 3.2.4.
The possibility of using the STE method to predict the remaining fatigue life after
corrosion fatigue was also investigated. However, it was found that while the
values do
increase linearly in air fatigue as observed with other forms of loading, the temperature rise
values for specimens subject to prior corrosion follow the exponential trend. An illustration in
the differences in
values can be found in Figure 28. It appears that after corrosion fatigue, the
fatigue specimen responds similarly to a specimen during the initial phase in fatigue in air. This
subject should be investigated further.
Table 3. Calculated values of constants

and
95%
Confidence
Interval

Calculated
Value
Corrosion Fatigue
Air Fatigue
Corrosion + Air Fatigue

15,730
7,588
11,110

3,599
-658
6,250

27,860
15,830
15,960

Calculated
Value
-0.6
-0.8
-0.7

95%
Confidence
Interval
-1.0
-1.1
-0.8

-0.1
-0.5
-0.6

3.2.4 Life Prediction Methodology
Given the observed correlation between
and remaining life for corrosion fatigue and
fatigue in air, it is feasible to develop a methodology to conservatively predict the remaining life
of fatigue specimens. Such a methodology may lead to the ability to evaluate the remaining life
of in-service components subject to rotating-bending loads, such as drive shafts, axles, and many
others, independent of corrosive environmental conditions. By evaluating
and comparing the
result to a predetermined model, it would be possible to estimate the remaining lifetime of the
component, thus maximizing its service life and minimizing replacement costs over time.
Under corrosion fatigue conditions, fatigue lifetime predictions are marked by a
significant level of uncertainty [84]. Fatigue predictions in general, especially in the use of
empirical S-N curves, are marked by a certain amount of scatter [59, 85]. However,
thermodynamic evaluation methods and energy dissipation correlations have shown to provide
greatly improved accuracy when compared to conventional methods [16, 20-22, 33, 35, 36, 3941, 44-46]. In the case of thermographic prediction of remaining life after corrosion fatigue,
however, some level of uncertainty is still present. Thus, to compensate for this when
developing a comprehensive life prediction methodology, a statistical approach is required.
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Figure 22. Temperature profiles during fatigue in air of specimens subject to varying cycle
numbers of prior corrosion fatigue, Nc. Fatigue loading is 476 MPa.

Figure 23. Temperature response of 1018 carbon steel in air
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Figure 24. Initial temperature response during fatigue in air of specimens subject to varying
cycle numbers of corrosion fatigue, Nc. Fatigue loading is 575 MPa

Figure 25. Temperature response of 1018 carbon steel in air after being subject to varying cycles
of corrosion fatigue
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Figure 26. Measured Rθ values for prior corrosion fatigue and fatigue in air

Figure 27. Measured Rθ values for prior corrosion fatigue and fatigue in air, linear scale
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Figure 28. Comparison of Rθ values for an STE progression compared to specimens subject to
prior corrosion fatigue, with observed power and linear trends
To evaluate the statistical probability of the remaining life using thermographic data, the
uncertainty in the data is accounted for by evaluating the confidence bound of the calculated
model constants
and . First, the line of best fit is obtained in MATLAB curve fitting
toolbox. Then, confidence bounds of a specified confidence level are obtained. These bounds
can then be used to estimate the remaining life of the specimen, while accounting for the
uncertainty inherent in the fatigue conditions. In this case, a 95% confidence level is used. In
application, the confidence level can be adjusted according to the risk tolerance; i.e. a very riskaverse situation may require a higher confidence level to give an even more conservative
prediction. Confidence bounds are calculated using a reverse Student’s t-distribution. The
formula to determine the coefficient confidence bound for a Student’s t-distribution is
√

(24)

where is the confidence bound, the coefficient determined by the fit, is a function of the
confidence level calculated using the inverse Student’s t-distribution function, and is a vector
of the diagonal elements from the estimated covariance matrix of the coefficient estimates
representing the variance. This statistical approach is similar to a common approach to fatigue
design using ‘S-N’ data [85]. The minimum value of the constant ,
, is used, as well as
the minimum and maximum values of the constant ,
and
. The most conservative
value of the curve fit can be expressed with the following equations:
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where CTF is the predicted cycles to failure. The experimental data gathered, along with the line
of best fit and lower confidence bound can be seen in Figure 29. The lower bound line gives a
conservative estimate of remaining life for every single data point.
To reinforce the validity of the statistical approach to the prediction of remaining life,
some verification tests were performed independently of the previously discussed data. The
measured
values can be used to determine an estimate of the remaining life after corrosion
fatigue. A plot of all of the cumulative data, for corrosion fatigue and fatigue in air, along with
the 95% confidence bounds and verification tests, is shown in Figure 29.
For comparison, two additional methods have been used to predict the remaining life.
First, the problem of combined corrosion fatigue and fatigue in air can be approached in a
manner similar to the combined loading approach in Miner’s rule [8]. Using the experimental
‘S-N’ diagrams in Figure 18, the predicted life for corrosion fatigue and fatigue in air can be
calculated. Then, it can be assumed that the ratio of corrosion fatigue cycles to expected
corrosion fatigue life added to the ratio of air fatigue cycles to expected air fatigue life is one.
Thus, the equation for remaining life can be expressed as
(

)

(26)

where
and
are the experienced cycle counts, and
and
are the expected fatigue
lives. The calculated remaining lives of the verification test specimens using a Miner’s rule
based approach is shown in Table 4. This approach has given non-conservative remaining life
values for all cases. Another approach simply uses the expected corrosion fatigue life,
, as a
conservative estimate. This is shown in Table 4. The values predicted are closer to the
experimental values, but in one case the estimate does not give a conservative result.
These methods have a few disadvantages. First, the methods do not take the uncertainty
inherent in fatigue and especially corrosion fatigue into account. Second, the exact previous
loading history of the specimen must be known. Using an
measurement approach, the
applied stress to the specimen does not need to be known, as long as the loading applied during
the
measurement is identical. The prediction of the model developed in this work and shown
with the solid black line in Figure 29 is also included in Table 4 for comparison. The model
gives a conservative prediction in each case. However, the uncertainty is still not accounted for.
Given the uncertainty inherent in the corrosion fatigue life, the statistical lower bound gives a
reasonable approximation of the remaining life while minimizing the chance of premature
failure.
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Table 4. Conservative Cycles to Failure Prediction using Rθ
Verification Test Number
Applied Stress
Prior Corrosion Fatigue Cycle Count

1
503 MPa
20,000

2
503 MPa
10,000

3
449 MPa
10,000

Actual Air Cycles to Failure
Miner's Prediction
Corrosion Fatigue Life Prediction
Model Prediction
Conservative Prediction

14,000
26,771
15,311
9,662
5,313

28,900
44,255
25,311
14,304
7,728

73,600
207,000
53,523
51,857
22,795

Figure 29. Experimental and verification data showing line of best fit and lower confidence
bound
3.2.5 Conclusions
The thermographic response of 1018 carbon steel specimens after being subject to
corrosion fatigue was found to fit the model previously developed for fatigue in air. This model,
originally developed by Amiri and Khonsari [35], and later adapted to multiple modes of loading
[18, 33], relates the slope of the temperature during the start of a fatigue test to its remaining
fatigue life. The steel specimens were fatigued in rotating-bending while being continuously
coated in a 3.5% NaCl solution. A number of specimens were fatigued under corrosion for a
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portion of their life, then cleaned and prepared for thermographic measurements. The previously
corrosion-fatigued specimens were fatigued in air, while surface temperature measurements were
taken via IR camera.
values obtained for prior corrosion fatigue and fatigue in air were found
to follow the same master curve.
A methodology is suggested to conservatively predict the remaining life of specimens
subject to air fatigue and prior corrosion fatigue. Using a Student’s t-distribution with a
predetermined confidence level, the lowest confidence bound for a given
value can be
calculated. By using this value for a conservative estimate for the remaining life, the service life
can be maximized, while minimizing the probability of an unexpected failure. This is a novel
approach that may lead to a comprehensive failure prediction method to prevent premature
failure while maximizing service life of components subject to corrosion fatigue.
3.2.6 Further Work
There are several topics that must be pursued in order to fully understand the effect of corrosion
on the thermal response of fatigue specimens. These are:




The effect of corrosion fatigue frequency should be investigated fully. Corrosion fatigue
is a highly time-dependent process, and temporal effects must be taken into account for a
thermographic life prediction method to be viable.
The effect of prior corrosion on the thermal response should also be investigated. Other
works suggest that the effect of prior corrosion, either pitting or uniform, may be similar
to that of a stress concentration.
Fracture Fatigue Entropy for corrosion fatigue as well as prior corrosion is of great
interest. An experimental investigation of pre-corroded specimens would be relatively
simple. However, the thermal response during corrosion fatigue may not be obtainable
by thermographic means; it may be necessary to perform an experimental investigation
with contact-type temperature measurement under a fatigue loading mode, such as
bending fatigue or uniaxial fatigue that would allow for the attachment of a sensor to the
specimen. It is hypothesized that corrosion fatigue will have similar effect to that of
stress concentrations and welds, in that it will reduce the Fracture Fatigue Entropy
produced during fatigue.
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Appendix A: Analytical Model of Heat Transfer of a Fluctuating Beam
For rotating-bending fatigue, the heat transfer properties can be modeled with a
fluctuating beam. This approach has been used for plain bending fatigue previously [35, 86].
The approach is an integral transform technique. Consider a finite rectangle as shown in Figure
A-1. This is a symmetrical approximation of the fatigue specimen. The left side, or the end of
the specimen, is assumed to be held at a fixed temperature (room temperature). The heat flux
through the center of the beam is zero, as the system is symmetrical. The upper and lower
surfaces are subject to convection. For rotating-bending fatigue, the convective heat transfer can
be approximated with that of a heated rotating shaft in still air, which has been investigated
experimentally and analytically [87]. The convective heat transfer coefficient can be modeled
as the average convective heat transfer coefficient around the circumference of the shaft. The
governing equation, a two-dimensional differential equation, can be expressed:
(

)

(A-1)

Where
, and the heat generation term is independent of time.
Boundary conditions for each side can be expressed:
(

)
(

(
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(A-4)
(A-5)

We can nondimensionalize the system by introducing the following parameters:
(A-6)
The dimensionless form of the heat conduction equation will be:
(A-7)

And the new boundary conditions will now be expressed:
(

)
(

)
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The solution in integral transform form is [86]:
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respectively. Combining the equations gives:
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Where
(A-15)
The value

can be expressed as:
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Where

is the heat generation in the beam and
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Thus, the initial slope of the temperature with respect to time can be modeled as a linear function
of the plastic work being done on the specimen.
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Figure A-1. Illustration of a rectangular beam used for heat transfer analysis.
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